Changes in DNA methylation have been found in the large majority of tumors. This phenomenon includes both genome-wide hypomethylation and genespeci®c hypermethylation. However, the clinical relevance of either mechanism has remained contentious. In order to determine DNA methylation levels from a large number of clinical samples, we have established a method for accurate highthroughput quanti®cation of 5-methylcytosine in genomic DNA. Our protocol requires a small amount (<1 mg) of DNA that is enzymatically hydrolyzed to single nucleotides. Single nucleotides are then derivatized with a¯uorescent marker and separated by capillary electrophoresis. After calibration of the method, we have determined cytosine methylation levels from tumor samples of 81 patients that had been diagnosed with chronic lymphocytic leukemia (CLL). These patients showed a high variability in their methylation levels with a general trend towards hypomethylation. Because of its high accuracy and throughput our method will be useful in determining the role of genomic DNA methylation levels in tumorigenesis.
INTRODUCTION
Cytosine methylation is required for mammalian development (1) . Loss of methylation impairs various aspects of epigenetic gene regulation, including genomic imprinting (2), X-chromosome inactivation (3) and retroviral silencing (4) . However, the precise function of DNA methylation is still unclear. It is widely believed that DNA methylation patterns represent an epigenetic programme of the genome that dictates the interpretation of genetic information. Consistent with epigenetic programming, methylation levels change dynamically during mammalian development (5, 6) . During preimplantation development, the mammalian genome becomes rapidly demethylated (7, 8) . This presumably represents a deprogramming step to initiate cellular differentiation. After implantation, de novo methylation restores DNA methylation levels, which coincides with an increasing commitment of cells to particular, specialized functions.
The genomic DNA methylation level also plays an important role in tumorigenesis (9, 10) . Determination of total cytosine methylation levels revealed signi®cantly lower levels in tumor-derived genomic DNA compared with control tissue (11, 12) . In addition, global genomic hypomethylation has also been shown to result in chromosome instabilities (13) , which is a hallmark of cancer cells. More recently, numerous studies have focused on the methylation status of single genes or single cytosine residues. This identi®ed various loci in the genome that showed aberrant methylation in a high number of tumors (14±16). Many of these sites were hypermethylated, which is consistent with the general view of gene-speci®c hypermethylation in cancer (17) . Mechanistically, genespeci®c hypermethylation is believed to be a consequence of overexpression or ectopic activity of human DNA methyltransferases (18±20). This effect is not considered to be speci®c but would rather affect DNA methylation on a global level.
The analysis of global DNA methylation changes requires a method for the precise determination of cytosine methylation in a high number of samples. For this purpose, most laboratories use high performance liquid chromatography (HPLC) (21) . However, HPLC requires large amounts of DNA and signi®cant experimental experience to obtain reproducible results. Both points are impedimental to the large-scale analysis of clinical samples. In order to systematically analyze the role of the global DNA methylation level in tumorigenesis we have established a novel method based on capillary electrophoresis. This method is characterized by both high sensitivity and high reproducibility. We have analyzed tumor samples from 81 patients diagnosed with B-cell chronic lymphocytic leukemia (CLL). This revealed a signi®cant variability in DNA methylation levels between individual patients. CLL is the most common leukemia in adults and is characterized by a highly variable clinical course (22, 23 (24) . After enzymatic hydrolysis, 2¢-deoxynucleoside-3¢-phosphates were obtained. In the next step, 20 ml of 800 mM HEPES, pH 6.5, 30 ml of 1.8 M N-ethyl-N¢-(3-dimethylaminopropyl)carbodiimide (EDC; Sigma) solution in 800 mM HEPES and 30 ml of 25 mM 4,4-di¯uoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl ethylenediamine hydrochloride (Bodipy FL EDA; Molecular Probes) in 800 mM HEPES were added to the digest and incubated for 25 h at 25°C in the dark. After a 1:1000 (or higher) dilution with bidistilled water, 20 nl of the reaction mixture was directly injected into the capillary.
MATERIALS AND METHODS

In vitro methylation
Capillary electrophoresis
Capillary electrophoresis was performed on a BioFocus 3000TC LIF 2 system (BioRad). Derivatized DNA samples were analyzed in an electrolyte consisting of 75 mM SDS in 17 mM sodium phosphate buffer (pH 9.0) containing 15% (v/ v) methanol. A fused-silica capillary was used with a total length of 64 cm, corresponding to a detection window of 59.4 cm and an inner diameter of 50 mm. Separation was performed with a sample injection at 20 p.s.i. at 25°C with an applied voltage of 20 kV. Outlet was the cathode for all runs. Analytes were detected by laser-induced¯uorescence with an excitation wavelength of 488 nm. Each sample was analyzed up to 12 times in the beginning of the study. Due to the high reproducibility of the method, the number of repeated analyses was gradually reduced to ®ve. Between each run the capillary was rinsed for 60 s with 200 mM SDS, for 90 s with 1 M sodium hydroxide, for 60 s with bidistilled water and for 120 s with the electrolyte.
Patients
Between October 1990 and August 1998, 325 consecutive CLL patients from a single institution (Med. Klinik und Poliklinik V, University of Heidelberg) were enrolled in the study and followed with regard to survival. Detailed clinical characteristics have been described previously (25, 26) . Eighty-one cases were selected randomly from the various subgroups de®ned by VH (variable region heavy chain gene) mutation status and genomic aberration and based on the availability of DNA.
RESULTS
Capillary electrophoresis represents a powerful tool for the detection of genomic DNA methylation (24, 27) . In order to determine DNA methylation levels in clinical samples we established a capillary electrophoretic method. To this end, we modi®ed a procedure where DNA is digested to single nucleotides followed by chemical derivatization with ā uorescent marker and separation by micellar electrokinetic chromatography (24) (Fig. 1A) . Derivatized nucleotides are detected by laser-induced¯uorescence at 510 nm, thus permitting a well de®ned experimental readout with very little baseline¯uctuation (Fig. 1B) . Under the derivatization conditions used, the¯uorescent marker does not react with ribonucleotides, which is probably due to the formation of a cyclic phosphate between the 3¢-phosphate group and the 2¢-hydroxy group of the ribose (28) . The presence of RNA would therefore not affect the quanti®cation of deoxyribonucleotides.
As a ®rst step towards the calibration of the method we determined the quantum yield factor (QYF) of 5-methyl-2¢-deoxycytosine-3¢-monophosphate (5m-dCMP). The QYF is an important parameter in quantitative¯uorescence detection and accounts for base-speci®c quenching effects (29±31). This results in a disproportionate detection of¯uorescent signals. 5m-dCMP was synthesized by ammonolysis of O 4 -ethylthymidine (32) and spectroscopically identi®ed by NMR and MS (a kind gift from H. C. Kliem, DKFZ Heidelberg). After labeling with the¯uorescence marker and puri®cation by preparative HPLC the product was used as a standard. A comparison with equal amounts of labeled dAMP as a reference set to 100% or 1.00, yielded a QYF for labeled 5m-dCMP of 98% or 0.98, respectively (data not shown).
In the next step, we sought to address the kinetic aspects of the chemical derivatization. For a precise determination of cytosine methylation levels in genomic DNA samples we analyzed DNA from premethylated standards that had a methylation level similar to human genomic DNA (3±4%). In order to calibrate the method with a complex, yet well de®ned standard we used bacteriophage lambda DNA that had been methylated in vitro with the bacterial methylase M.HpaII. The lambda genome has been sequenced to completion and contains 24 182 cytosine residues. It contains 328 M.HpaII target sites that can be methylated on both strands. Thus, M.HpaII-methylated lambda DNA would contain 656 5-methylcytosine residues, corresponding to a 2.7% cytosine (Fig. 2) . Methylated (and unmethylated) lambda DNA was then hydrolyzed, derivatized and analyzed by capillary electrophoresis and nucleotide-speci®c derivatization factors were determined (Table 1) . For this, the calculated fraction of each nucleotide was compared with the respectivē uorescence signal. In addition, the¯uorescence signal was corrected by the QYFs as well. The median derivatization factors obtained by this procedure were: dAMP 0.70 T 0.02, dGMP 1.50 T 0.08, dTMP 1.07 T 0.04, dCMP 1.01 T 0.04 and 5m-dCMP 0.96 T 0.05. The differences between the nucleotide-speci®c factors re¯ect the different reactivities for each nucleotide towards the¯uorescence marker. Derivatization factors were con®rmed by a parallel analysis of pBluescript plasmid DNA that had been methylated with the bacterial methylase M.HhaI. pBluescript DNA contains 1493 cytosine residues, 48 of which can be methylated by M.HhaI. This corresponds to a cytosine methylation level of 3.2%. The resulting derivatization factors were highly similar to those determined with M.HpaII-methylated lambda DNA. As a consequence, the method could now be used to determine the cytosine methylation levels from genomic DNA samples.
In order to determine the reproducibility of our method we ®rst analyzed commercially available calf thymus DNA. Aliquots from an identical source were hydrolyzed and derivatized in four parallel, independent reactions. The nucleotide mixture from each reaction was then analyzed four to ®ve times by capillary electrophoresis and the cytosine methylation levels were determined. This revealed a very high degree of reproducibility between individual derivatizations as well as between individual measurements (Fig. 3A) . In all cases, the standard deviation was below 5% (Fig. 3A) . Similarly, variations in the amount of injected nucleotides had no in¯uence on the determined cytosine methylation level (Fig. 3B) . The relationship between the quantity of nucleotide and the¯uorescence was linear over a broad range of dilutions (data not shown). Consequently, the analysis of various dilutions of the labeled nucleotide mixture resulted in a highly reproducible level of cytosine methylation (Fig. 3B ). In conclusion, these results suggest a signi®cant robustness of our method and demonstrate a high degree of reproducibility.
After the establishment of reproducible experimental conditions we sought to determine the genomic DNA methylation from patient samples. To this end we analyzed genomic DNA methylation levels in tumor samples from a thoroughly characterized collective of patients diagnosed with CLL (25) . As for numerous other types of cancer, changes in DNA methylation have also been found to be associated with CLL (33) but little is known about their causes or consequences. In order to con®rm the reproducibility of our method with standard clinical samples, we analyzed genomic DNA from four different patients seven to 10 times. This con®rmed the excellent reproducibility of our analytical conditions and a standard deviation below 5% of the individual mean value (Fig. 4) . Thus, the mean value from four to ®ve measurements adequately re¯ects the genomic cytosine methylation levels of a patient sample. 
Seventy-seven additional patients were then selected randomly from various genetic subgroups and their genomic cytosine methylation levels were determined by capillary electrophoresis. Again, all samples were measured at least ®ve times and their standard deviation was always below 5% of the individual mean value. A comparison of mean cytosine methylation levels from all samples revealed a signi®cant degree of variation between individual patients (Fig. 5) . The highest methylation level was 4.46% and the lowest level was 2.92%. The median cytosine methylation level of all 81 patients was 3.69%. This value is in good agreement with the results from a previous study (34) . We also determined DNA methylation levels in FACS-sorted CD19-positive B cells from seven healthy individuals. These samples revealed an average methylation level of 4.02% (data not shown). While this result is consistent with general hypomethylation in tumor cells, the control values need to be interpreted with caution since CLL can originate from various stages of B-cell differentiation and precisely matched controls cannot be obtained. More importantly, our results demonstrate a signi®-cant variation in genomic cytosine methylation levels between individual patients. This variation can now be used to establish Determination of DNA methylation levels in individual CLL patients. Genomic DNA was isolated from tumor samples of CLL patients and the cytosine methylation level was determined by capillary electrophoretic analysis. The ®gure shows repeated analyses of four independent representative samples. In all cases, the standard deviation from the mean value was below 5%. correlations between the DNA methylation and clinicopathological parameters. Data analysis from a suf®ciently large number of patients might help to de®ne the role of DNA methylation in tumorigenesis.
DISCUSSION
Changes in DNA methylation are a prominent feature of tumor cells. However, reliable methods for the quanti®cation of genomic cytosine methylation levels from small DNA samples are still scarce. In this respect, capillary electrophoresis offers a number of advantages including high reproducibility, brief analysis time and a potential for automation. The sensitivity of capillary electrophoretic analyses can be signi®cantly increased by the use of a¯uorescent label. However, this raises some problems in the quanti®cation and interpretation of experimental data. Thus, a method based on the detection of¯uorescently labeled nucleotides needs to be calibrated for the determination of absolute cytosine methylation levels.
In a ®rst step, we established precise quantum yield factors for each nucleotide. Due to base-dependent quenching effects for¯uorescent signals (29±31) the different values of the integrated peak areas do not re¯ect a correct quantitative proportion of each nucleotide. Consistent with our expectations, the factor for 5m-dCMP was very similar to dCMP. In a second step, the kinetics of the derivatization was also taken into consideration. This was done by the analysis of complex DNA (lambda phage and plasmid) that had been methylated in a de®ned pattern by bacterial DNA methylases. The resulting derivatization factors revealed a different reactivity for each nucleotide towards the¯uorescence marker. With the help of these factors it is now possible to precisely determine cytosine methylation in a wide variety of samples. Our method has the sensitivity to detect cytosine methylation levels of <0.2% (Dirk Stach, unpublished data). While we used 5 mg of genomic DNA for analysis, more recent experiments have shown that reproducible results can be obtained with as little as 100 ng (Oliver J. Schmitz, unpublished data). Thus, we have established a method for high-throughput analysis of DNA methylation levels from small clinical samples.
Altered DNA methylation patterns and overexpression of DNA methyltransferases have been documented for various forms of leukemia (20, 33) . In the present study, we have determined the level of cytosine methylation in 81 well characterized CLL patients. This revealed considerable differences between individual patients. Inter-individual differences in tissue-speci®c DNA methylation levels have been shown to be negligible in normal human tissue (35) . Therefore, our results demonstrate a signi®cant heterogeneity in DNA methylation levels among patients. This variability also provides the foundation for a statistical analysis of DNA methylation. The patients are part of a highly characterized collective (25,26) and we will be able to analyze various clinical as well as biological parameters for their dependency on DNA methylation. This kind of analysis will help to determine the oncogenic potential of DNA methylation and determine the health risk associated with particularly high or low cytosine methylation levels.
